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Crystal Structure of a G:T/U Mismatch-Specific
DNA Glycosylase: Mismatch Recognition
by Complementary-Strand Interactions
signals, which direct the repair to the newly synthesized
strand (Kolodner, 1995; Jiricny, 1996). G:U and G:T mis-
pairs arising through deamination lead to G:C→A:T tran-
sition mutations in 50% of the progeny DNA if not re-
paired prior to replication and must always be corrected
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1996) being designated as mismatch-specific uracil of the central four-stranded b sheet and intervening
helices found in UDGs, but lacking the coil of helicesDNA-glycosylases (MUGs).
Taken together, the mammalian TDGs and the bacte- at the amino terminus of the UDG fold. Optimal three-
dimensional alignment of theE. coli MUG and HSV1UDGrial MUGs appear to constitute a new family of pyrimi-
dine glycosylases, mechanistically and evolutionarily (PDB code 1UDG) structures, using the SSAP algorithm
(Orengo and Taylor, 1996), brings 147 Ca positions intodistinct from the well-described UDG enzymes. We have
now determined the crystal structure of the MUG en- approximate three-dimensional equivalencewith an rms
deviation of 3.74 AÊ . The SSAP score of 77%, togetherzyme of E. coli alone and in complex with a DNA duplex
containing an abasic reaction product. The results of with a similar biological function, suggests that the UDG
and MUG structures have evolved from a common an-these investigations reveal a quite unexpected struc-
tural similarity between the MUG/TDGs and UDGs, with cestral fold. Nonetheless, the sequence alignment
based on this structural similarity (Figure 3a) only identi-a common ªflippingº mechanism for the recognition of
uracil and thymine. However, the efficient catalytic ap- fies 17 identical residues (10% of the MUG sequence),
suggesting that the families of uracil DNA-glycosylasesparatus of UDGs is not conserved in the MUG/TDGs,
and interactions of MUG with the complementary DNA represented by these two sequences diverged early in
evolution.strand, including intercalation of a side chain, suggest
a quite distinct mechanism for the recognition of uracil
and thymine in the context of a mismatched base pair.
MUG Binding Pocket Specificity
In common with the UDG enzymes, one face of MUG is
Results traversed by a narrow channel connecting with a pocket,
which penetrates back into the core of the enzyme.
MUG Structure Structural alignment of E. coli MUG and HSV1 UDG
The structure of E. coli MUG was determined by multiple effectively superimposes this region with the well-
isomorphous replacement and refined at 1.8 AÊ resolu- described uracil binding pocket of HSV-1 UDG, sug-
tion (see Experimental Procedures). The MUG structure gesting that this pocket in MUG may serve a similar
consists of a central 5-stranded b sheet flanked on both function, and that MUG/TDG enzymes, like UDGs, em-
faces by a helices, with the general b-a-b topology seen ploy a nucleotide-flipping mechanism (Roberts, 1995) in
in many enzymes that interact with nucleotides. Strands the processing of their substrates.
a, b, c, and e have a parallel orientation with the short One of the faces of the putative uracil binding pocket
strand d making an antiparallel interaction with strand in MUG is provided by the side chain of Phe-30, corre-
e at the edge of the sheet (Figure 1). sponding to Phe-101 in the structure of HSV1 UDG.
One face of MUG displays an excess positive charge Although this residue is not a conserved phenylalanine
and is traversed by a channel connecting with a narrow in all the known MUG/TDG sequences, it is always aro-
pocket, which penetrates back into the core of the en- matic and therefore capable of the p-p stacking interac-
zyme (Figure 2). The face and one edge of this pocket tions with uracil, as observed in UDG-base complexes
are formed by a sequence GINPG(MUG residues 16±20), (Mol et al., 1995a; Savva et al., 1995). The opposite face
while the opposite face of the pocket is formed by the and one edge of this uracil binding pocket in HSV-1
side chain of Phe-30, which is a tyrosine in the mamma- UDG are formed by the main and side chains of a se-
lian TDG sequences. The bottom of the pocket is formed quence motif GQDPY from residues 86±90, which is
by the main chain from residues 6±69 and the hydropho- totally conserved in all UDG sequences. In the structural
bic moiety of the side chain of Lys-68. This residue alignment with E. coli MUG, this corresponds to the
is not conserved across MUG/TDG sequences, being sequence GINPG from residues 16±20, which is totally
alanine in S. marcescens and asparagine in the mamma- conserved in the known MUG/TDG family sequences
lian enzymes. and adopts a virtually identical conformation to the ho-
In the native MUG crystals, a well-ordered sulphate mologous sequence in UDG (Figure 4).
ion is bound at the mouth of the pocket. This ion makes UDGs show exquisite specificity for the excision of
hydrogen-bonding interactions with the side- and main uracil, with no detectable activity against thymine. This
chains of Ser-22 and Ser-23 at the N terminus of the specificity results from the presence of a tyrosine two
first a helix, and with the main chains of Gly20 and Phe- residues downstream of the catalytic aspartate (GQDPY).
30. A second sulphate ion is also bound in the channel, The side chain of this tyrosine packs against the C5
hydrogen bonding to the main-chain peptide nitrogens position of a bound pyrimidine, sterically excluding the
of residues 109 and 110 at the N terminus of the fifth a 5-methyl group of thymine. Mutation of this residue to
helix (Figure 1b). a smaller side chain in human UDG confers thymine
DNA-glycosylase activity (Kavli et al., 1996) on the mu-
tant enzyme. In the known MUG/TDG sequences, thisStructural Homology to UDG
Although no significant homology could be detected residue is a conserved glycine (GINPG). The absence
of a ªbarrierº to a 5-methyl group at this position inbetween the MUG/TDG and UDG families of uracil-DNA
glycosylases (Gallinari and Jiricny, 1996; Neddermann MUG/TDG explains thymine-glycosylase activity of the
TDG (Neddermann and Jiricny, 1994) and bacterial MUGet al., 1996), the MUG structure is clearly related to the
known structures of UDGs from herpes simplex virus enzymes (see below).
Tight binding of uracil and discriminationagainst cyto-(Savva et al., 1995) and humans (Mol et al., 1995a). The
MUG fold contains a subset of the UDG fold, consisting sine in the UDG binding pocket are due to a specific
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Figure 1. Structure of E. coli MUG
(a) Topology of the MUG structure. a helices are shown as red cylinders, b strands as green arrows.
(b and c) Stereo secondary structure cartoon of MUG (b). a helices are shown as red cylinders, b strands as green arrows. Two bound sulphate
ions are shown as yellow stick models. (c) Orthogonal view to (b).
pattern of hydrogen-bonding interactions, provided by Phe-101, which would make a repulsive interaction with
the N4 amino group of a bound cytosine. Consistenta totally conserved asparagine (Asn-147 in HSV-1 UDG).
Its amide side chain donates a hydrogen bond to the with this, mutation of the corresponding asparagine to
aspartic acid, which can accept a hydrogen bond fromexocyclic O4 carbonyl oxygen of uracil and accepts a
hydrogen bond from the protonated ring N3, but would cytosine N4, conferred a weak cytosine-DNA glycosy-
lase activity on human UDG (Kavli et al., 1996).make repulsive interactions with the exocyclic N4 amino
and unprotonated N3 imino nitrogens of a cytosine Based on the structural alignment of MUG and UDG,
the equivalent to the HSV-1 UDG Asn-147 in the mam-bound in the same position. The O4 of uracil also re-
ceives a hydrogen bond from the peptide nitrogen of malian TDG sequences is also an asparagine (Asn-191),
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Figure 2. MUG Molecular Surface
Stereo pair of MUG molecular surfaces calcu-
lated using GRASP (Nicholls et al., 1993),
showing the channel running vertically under
the protruding loops and the putative pyrimi-
dine-binding pocket. The surface is colored
according to theelectrostatic potential, going
from red for the most negative, to blue for
the most positive. The view is the same as in
Figure 1c.
suggesting that a similar mechanism of specificity oper- than the hydroxyl ion generated in the UDG mechanism.
In the general acid±general base catalytic mechanismates in TDG. Surprisingly, the corresponding residue in
the bacterial enzymes is not conserved as an aspara- (Dodson et al., 1994; Savva et al., 1995) for UDGs, a
conserved histidine (His210 in HSV-1 UDG; His268 ingine, but is a lysine (Lys-68) in E. coli MUG and an
alanine (Ala-66) in S.marcescens MUG. While the bacte- human) acts as the general acid, moving approximately
1 AÊ upon DNA binding (Slupphaug et al., 1996) to pro-rial enzymes are clearly unable to provide the specific
hydrogen bonding afforded by an asparagine side chain, tonate, or at least polarize, the O2 of the bound deoxyuri-
dine. This histidine is part of a second highly conservedthey would retain the nonspecific peptide nitrogen inter-
action (Gln-87 in UDG, Ile-17 in MUG) with the O2 of motif in UDGs (SHPSPL). The topologically equivalent
motif in MUG (PNPSGL) adopts an essentially identicaluracil, and the specific peptide nitrogen interaction
(Phe-101 in UDG, Phe-30 in MUG) with the O4. The side conformation, but the catalytic histidine of the UDGs is
replaced by an asparagine in the bacterial MUGs andchain of Lys-68 in MUG lies across the bottom of the
putative binding pocket, so that its e-amino group can a methionine in the mammalian TDGs. The MUG/TDG
enzymes thus lack both the general acid and generalinteract with the exocyclic 4 position of a bound pyrimi-
dine, favorably with the O4 carbonyl of uracil or thymine, base of UDGs but are at least able to present a water
to a productively bound substrate in a similar manner.and unfavorably with the N4 amino group of cytosine.
Thus, Lys-68 could discriminate against cytosine bind- Consistent with this, the rate of uracil excision by E. coli
MUG is several orders of magnitude slower than uraciling by E. coli MUG but cannot provide the specificity of
the asparagine side chain employed in UDG and TDG. excision by UDGs, which are exceptionally fast en-
zymes.In S. marcescens, where the equivalent residue is an
alanine, this cannot be the case. However, the S. mar-
cescens MUG is two amino acid residues shorter than Resistance to Inhibition by UGI
MUG/TDGs are further distinguished from UDGs by theirthe E. coli sequence at the amino terminus, which would
bring the peptide a-amino group into a roughly similar resistance to the uracil-DNA glycosylase inhibitor pro-
tein (UGI) (Cone et al., 1980) from the Bacillus subtilisposition as the e-amino of Lys-68 in E. coli, possibly
fulfilling a similar role. In the absence of a crystal struc- bacteriophage PBS1/2. PBS1/2 is very unusual in that
it uses uracil instead of thymine in its DNA. UGI protectsture for a pseudosubstrate complex, the details of the
interactions made by MUGs with uracil remain uncertain the phage uracil-DNA from degradation within a thy-
mine-DNA host by binding to the bacterialUDG with highbut are at least amenable to mutagenesis studies.
affinity and blocking its active site. The UDG residues
involved in interaction with UGI are also involved in DNACatalytic Mechanism of MUG/TDG
Surprisingly, the catalytic aspartate of UDGs within the binding (Mol et al., 1995b; Savva and Pearl, 1995) and
are strongly conserved across UDG sequences, so thatmotif GQDPY is an asparagine (GINPG) in the MUG/
TDG sequences. The role proposed for Asp-88 from inhibition by UGI appears to be a common property of
UDGs from a broad range of biological sources (Pearlthe structure of HSV-1 UDG (Savva et al., 1995) and
supported by a later human UDG-DNA complex (Slup- and Savva, 1996).
Neither the bacterial MUG nor mammalian TDG en-phaug et al., 1996) is the binding of a water molecule and
its activation by abstraction of a proton for nucleophilic zymes are inhibited by UGI (Neddermann and Jiricny,
1993; Gallinari and Jiricny, 1996), although many of theattack on the N-glycosidic bond of a bound deoxyuri-
dine. In MUG, a water molecule is observed in an exactly key sites of UGI binding (Mol et al., 1995b; Savva and
Pearl, 1995) are conserved in the MUG enzymes. Theequivalent position, bound between the main-chain car-
bonyl and side-chain amide of Asn-18 and therefore major difference in the detailed interactions offered to
UGI by UDG and by MUG is the replacement of thepoised for nucleophilic attack on the N-glycosidic bond
in a manner analogous to the water bound by Asp-88 glutamine (Gln-87 in HSV-1 UDG) within the GQDPY
motif with an isoleucine in the GINPGL motif in MUG/in UDG (Figure 4). In MUG/TDG enzymes, however, no
active general-base catalysis can be provided by the TDG sequences. In UDG-UGI complexes, this side chain
makes two hydrogen bonds with the main chain of Leu-amide side chain of Asn-18, and the N-glycosidic bond
must be attacked by a weakly nucleophilic water rather 23 of UGI, which could not be satisfied by the side chain
Structure of G:T/U Mismatch DNA Glycosylase
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Figure 3. Structural Alignment of MUG and UDG
(a) Alignment of E. coli MUG and HSV-1 UDG (Swissprot: UNG_HSV11) sequences and secondary structures, on the basis of structural
equivalence identified by the SSAP algorithm (Orengo and Taylor, 1996). a helices are shown as red cylinders, and b-strands as green arrows.
Sequence motifs contributing to pyrimidine binding and hydrolysis are highlighted as in Figure 4.
(b) Comparison of MUG (left) and UDG (right) folds. The secondary structure elements identified as equivalent by SSAP are highlighted in
cyan, residues contributing to the binding pockets in each molecule are shown in red, and the bound sulphate ions observed in native crystals
of both enzymes are shown in yellow.
of isoleucine. The lack of this strong glutamine±main- with G:T mismatches would be bound in a manner simi-
lar to those containing a G:U mismatch but would notchain interaction in a putative MUG-UGI complex proba-
bly accounts for the resistance of MUG to inhibition by be processed by the enzyme. This was expected to
UGI, although this remains to be demonstrated experi- provide a route to obtaining a trapped enzyme-DNA
mentally. complex. Cocrystals of MUG and a self-complementary
oligonucleotide 59-CGCGAGTTCGCG-39 were indeed
obtained, but it is evident that the thymines in the centralThymine-DNA Glycosylase Activity of MUG
G:T mismatches in the duplex have both been excised.As earlier studies had suggested that only G:U but not
Rather than remaining associated with these ªproductºG:T mismatches were substrates for the bacterial mem-
abasic sites, the enzyme has rebound nonspecificallybers of the MUG/TDG family of enzymes (Gallinari and
Jiricny, 1996), it was anticipated that oligonucleotides at the ends of the oligonucleotide. A full description of
Cell
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The DNA in this cocrystal does not exist as a self-
complementary blunt-ended duplex but, instead, forms
a continuous ªnickedº double-stranded DNA molecule,
running more or less parallel to the c axis of the unit
cell. The base pairing in this duplex is offset by six
nucleotides (Figure 5a), generating mismatched C:T and
A:G base pairs. In the C:T mispair, both bases are in the
anti conformation and make a direct hydrogen bond
between O4 of the thymine and N4 of the cytosine, and
a water-bridged interaction between the O2 groups of
each. The A:G mispair adopts a A1 (anti):G (syn) confor-
mation (Brown et al., 1989). Despite the presence of the
extraneous mismatches and the missing phosphates at
the concatamer junctions, the conformational parame-
ters of the DNA are well within the ranges observed for
normal B formÐthe notable exceptions being the sites
of interaction with the enzyme.
The offset of six nucleotides in the base-pairing ladder
of the duplex positions the unique uracil of one strand
opposite the 39-terminal guanine of the opposite strand,
generating a G:U mismatch. The DNA strand carrying
the uracil runs into the channel traversing the positive
face of the protein, across the mouth of the putative
pyrimidine-binding pocket. The conformation of the
sugar-phosphate backbone in this region is substan-
tially distorted, so that the deoxyuridine is ªflipped-outº
of the DNA helix and into the base binding pocket (Figure
5b), in a manner similar to that previously seen for uracil-
DNA interacting with a human UDG mutant (Slupphaug
Figure 4. Comparison of MUG and UDG Active Sites et al., 1996). The flipped-out nucleotide shows no elec-
Comparison of pyrimidine-binding pockets and catalytic residues tron density for a base, suggesting that base-excision
in MUG (a) and HSV-1 UDG (b). For both proteins, residues forming has taken place. The lack of density for a free uracil in
the side of the pyrimidine pocket including the catalytic Asp or Asn
the binding pocket would suggest that the excised baseare colored red, the phenylalanines in both enzymes that provide
is not bound tightly and has diffused out of the enzymethe aromatic wall of the pocket are in magenta, and the residue
(Figure 5c). The phosphate to the 39 side of the abasicforming the base of the pocket is in blue. The residues in the motif
carrying the catalytic His/Asn and the leucine implicated in flipping deoxyuridine receives hydrogen bonds from the peptide
are colored green. nitrogen of Ala-77 and from the side-chain hydroxyl of
Ser-142, which is a conserved residue in MUG, TDG,
and UDG sequences. The 59 phosphate approaches the
this nonspecific complex will be presented elsewhere. site of a tightly bound sulphate ion observed in the native
However, the excision of the thymine bases demon- MUG structure, formed by the side chains of Ser-22 and
strates that, at the high concentrations of enzyme em- Ser-23, and the peptide nitrogen of Gly-20. The other
ployed in the crystallization experiments, MUG, like TDG sulphate binding site observed in the native structure is
but unlike UDG, is a dual uracil/thymine-DNA glycosy- occupied by the 59 phosphate of the nucleotide two
lase. This is consistent with the absence of a barrier positions downstream from the processed uracil. The
residue in the putative pyrimidine-binding site (see O19 hydroxyl group of the abasic sugar, which by anal-
above). The increased activity for G:T mismatches dis- ogy with UDG derives from the nucleophilic attack of a
played by the mammalian TDG with respect to theMUGs bound water molecule on the glycosidic bond of the
appears to be encoded in the amino terminal segment deoxyuridine (Savva et al., 1995), remains hydrogen-
that has no equivalent in the bacterial MUGs (Gallinari bonded to the carbonyl oxygen of the putative catalytic
and Jiricny, 1996). residue Asn-18 and makes hydrogen bonds with two
water molecules in the mouth of the pyrimidine pocket.
Structure of MUG-DNA Product Complex MUG makes only two other direct hydrogen-bonding
Tetragonal crystals of a second MUG/DNA complex, interactions with the DNA strand carrying the uracil,
containing an oligonucleotide of sequence 59-CGCGAG involving hydrogen bonds to phosphate groups from
UTCGCG-39, wereobtained under acidic conditions, and the indole ring nitrogen of Trp-123 and the peptide nitro-
the structure of the complex was solved by molecular gen of Asn-140. The remaining interactions involve a
replacement and refined at 2.35 AÊ (see Experimental network of water molecules bound at the interface be-
Procedures). The asymmetric unit consists of a single tween the protein and the DNA.
molecule of the enzyme and a single dodecanucleotide, The gap in the DNA duplex left by the flipped-out
with the DNA duplex being formed by the crystallo- deoxyuridine is occupied by Gly-143 and Leu-144, which
graphic 2-fold symmetry axes along the ab diagonals insert between the two bases flanking the scissile nucle-
otide. A similar role has been proposed for a conservedof the cell.
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Figure 5. Structure of MUG-DNA Complex
(a and b) Base pairing of the oligonucleotide 59-CGCGAGUTCGCG-39 in the MUG-DNA cocrystals (a). Phosphate groups are shown as (p),
Watson-Crick base pairs are indicated by a vertical rule, and mismatches by a colon. The position of the abasic reaction product generated
by excision of the uracil base is indicated by an asterisk. Crystallographic 2-fold axes that coincide with dyads in the duplex DNA are indicated.
The segment of the continuous nicked duplex shown in (b) is indicated in magenta. (b) Stereo view of the MUG-DNA complex viewed from
the major groove of the DNA. The structure of the MUG enzyme is shown as a secondary structure cartoon, with the residues forming the
pyrimidine-binding pocket shown explicitly in red and the residues forming the intercalation wedge shown in green.
(c) Electron density for the abasic deoxyribose sugar produced by excision of the uracil base. Two solvent molecules hydrogen bonded to
the O19 hydroxyl of the abasic sugar are shown as blue spheres. The electron density is from a 2Fo-Fc Fourier map, contoured at 1.2 s.
leucine in UDGs (Slupphaug et al., 1996). Structural equivalence with Leu-244 in HSV-1 UDG, which is in
a related conserved motif PSPLS. In addition, a thirdalignment of MUG and HSV-1 UDG brings Leu-144 in the
sequence motif PSGLS in E. coli MUG into topological residue, Arg-146, inserts its side chain between the
Cell
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Figure 6. Intercalation and Complementary-Strand Interactions
(a) Stereo pair of electron density for the widowed guanine of the G:U mismatch base pair, and the intercalation wedge. Electron density is
from a 2Fo-Fc Fourier, contoured at 1.0 s.
(b) Details of the interaction between the intercalation wedge and the widowed guanine. The specific hydrogen bonds to the N1 and N2
groups of the guanine are shown as broken yellow rods, other hydrogen bonds as broken blue rods.
ªwidowedº guanine of the G:U mismatch and the pre- 1980). The thick end of the wedge, formed by the side
chain of Leu-144 and the main chains of Gly-143 andceding cytosine (Figure 6a). The head group of Arg-146
is hydrogen-bonded to the peptide oxygen of Leu-144 Leu-144, is too bulky to be intercalated and can only
be accommodated within the body of the DNA duplex byon one side and to a water molecule on the other, which
is in turn hydrogen-bonded to the deoxyribose ring oxy- the displacement of the deoxyuridine into an extrahelical
flipped-out conformation (Figure 6a).gen of the widowed guanine. Gly-143, Leu-144, Arg-146,
and the associated water molecule form a ªwedgeº, One consequence of the displacement of the deoxyuri-
dine and insertion of the wedge into the duplex is thewhich penetrates the base stack of the DNA from the
minor groove. Insertion of the narrow end of this wedge, formation of strong hydrogen-bonding interactions be-
tween the N1 imino group of the widowed guanine andformed by the planar head group of Arg-146 and its
bound water, is accommodated by the local unwinding the carbonyl oxygen of Gly-143, and between the N2
exocyclic amino group of the widowed guanine and theof the backbone and increase in base pair spacing asso-
ciated with intercalation of planar groups (Shieh et al., carbonyl oxygens of Gly-143 and Ser-145 (Figure 6b).
Structure of G:T/U Mismatch DNA Glycosylase
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a mispaired thymine was protected from methylation,
suggesting that TDG contacts this position. A favorable
interaction with a guanine 39 to the mispaired thymine
would explain TDG's preference for G:T mispairs where
the deamination event occurred in a CpG sequence
context.
UDG Pulls, MUG Pushes
Specific binding of uracil in the base-recognition pocket
of UDG provides a significant contribution to the energy
of interaction with substrate uracil-DNA. Mutants of
HSV-1 UDG, in which the catalytic residues are mutated
to asparagine and which failed to excise the uracil base,
bound to ss-uracil-DNA with a KD of 6±7 nanomolars but
to uracil-free ssDNA or dsDNA with millimolar or worse
affinity (Panayotou et al., 1997). With ds-uracil-DNA
substrates, the nonhydrolytic UDG mutants bound G:U
mismatches 12-fold more weakly and A:U base pairs
300-fold more weakly than ss-uracil-DNA, reflecting the
energetic penalty of base pair disruption and destacking
implicit in the flipping mechanism. Thus, while UDG is
able to excise uracil from both ssDNA and dsDNA, inter-
actions with the second strand of the DNA in a dsDNA
substrate contributenothing to thestability and specific-
ity of UDG-dsDNA complexes. UDGs are perhaps best
considered as essentially single-strand specific DNA re-
pair enzymes that are also capable of processing uracil
within dsDNA.
In contrast, MUG has an absolute requirement for
dsDNA and appears to achieve a substantial component
of its substrate recognition by interaction with the com-
plementary strand of the duplex. Consistent with the
Figure 7. Interaction of MUG and UDG with Abasic Sites lack of tight and specific hydrogen-bonding interactions
provided by the asparagine side chain in the uracil bind-(a) Surface plasmon resonance dose-response curves for MUG
binding to immobilized double-stranded 35 mer oligonucleotides ing pocket of UDGs, interactions with the base in the
containing a central abasic deoxyribose opposite a guanine (circles) binding pocket of MUG would appear to make a much
or an adenine (triangles) (see Experimental Procedures). The esti- less significant contribution to substrate binding, so that
mated equilibrium dissociation constants, KD, were 6.0 and 76.2 nM,
MUG, unlike UDG, displays negligible affinity for ss-respectively.
uracil-DNA substrates.(b and c) SPR sensograms for the interaction of a catalytically inac-
Binding of UDG to double-stranded uracil-DNA hastive HSV-1 UDG Asp88Asn mutant with immobilized oligonucleotide
duplexes containing a central U:G mismatched base pair or a wid- been described as a ªpush-pullº mechanism, with uracil
owed guanine opposite an abasic base-excision reaction product being pushed by insertion of the protruding leucine into
(ab:G) (b). (c) The same as (b) but with native E. coli MUG. the abasic gap left by a flipped-out base and pulled by
the favorable interactions made by the flipped-out base
in the pocket (Slupphaug et al., 1996). Although UDGBoth these interactions, which involve the Watson-Crick
base-pairing groups on theguanine, can only be made in binding to abasic DNA has been reported in earlier stud-
ies (Domena et al., 1988), with highly purified enzymethe absence of a base-pairing partner and are absolutely
specific for guanine. These interactions with the wid- and a defined oligonucleotide duplex containing a single
abasic site, we could observe no significant binding ofowed base may be significant contributors to the speci-
ficity of MUG/TDG enzymes for G:U and G:T mismatched wild type or nonhydrolytic UDG mutants in our assay
(Figure 7b). Leucine insertion clearly plays a role in thebase pairs and their inactivity against A:U and A:T Wat-
son-Crick base-paired substrates (Gallinari and Jiricny, productive interaction between UDG and DNA (Slup-
phaug et al., 1996); however, the lack of affinity we ob-1996). Consistent with this, binding of MUG to an abasic
site opposite a widowed guanine is more than 10 times serve with HSV-1 UDG for abasic sites in duplex DNA,
in contrast to the high affinity for uracil in ssDNA orstronger than to an abasic site opposite a widowed
adenine, with which these specific second-strand inter- dsDNA, suggests that this is a relatively minor compo-
nent and that the pull component is predominant inactions cannot be made (Figure 7a).
MUG makes no interactions with the N7 of the wid- substrate recognition by UDG.
Despite its structural homology with UDG, MUG dis-owed guanine in the complementary strand, confirming
the methylation interference studies of SchaÈ rer et al. plays an almost entirely opposite mechanism for sub-
strate recognition, having relatively little inherent affinity(1997) with TDG, where this position is free for methyla-
tion. In contrast, the N7 of a guanine on the 39 side of for the uracil, but nanomolar affinity for the abasic site
Cell
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produced bythe base excision reaction (Figure 7c). MUG enzyme in the bound complex, is free in the G:U/T wob-
ble base pair and may provide an initiating interactionthus appears to employ a push mechanism, facilitated
by insertion of the intercalation wedge formed by Gly- with the enzyme in the early stages of productive com-
plex formation. A G:C base pair, although able to provide143, Leu-144, and Arg-146 into the duplex.
the second-strand interactions once disrupted, will be
much less liable to disrupt than either the G:U/T wobble
The Structural and Mechanistic Basis of G:U/T or A:U/T Watson-Crick pairs, due to the significant sta-
Mismatch Specificity bility provided by its three strong hydrogen bonds. The
Recognition of the presence of an incorrect or damaged N2 atom, which is available in the G:T/U wobble base
base such as uracil in DNA is a relatively straightforward pairs, is completely occluded in the G:C base pair, pro-
process, as the unique structure of the damaged base viding a barrier to the initiation of the wedge intercalation
distinguishes it from the normal component bases. and flipping process. The requirement for intercalation
Thus, a ªclassicalº uracil-DNA glycosylase can achieve of the arginine side chain into the second-strand base
satisfactory specificity by providing a binding site with stack may also play a role in discrimination, as the ener-
interactions that are uniquely tailored to bind uracil, but getic penalty for disruption of base stacking against
no other base. Such a recognition strategy need not a G:C is significantly higher than for other base pairs
take account of the context of the uracil; it can and does (Ornstein et al., 1978).
operate efficiently and accurately on single- or double- The UDG enzymes, which achieve their specificity al-
stranded uracil-DNA substrates. most entirely by discriminatory interactions in the pyrim-
The MUG enzyme makes three hydrogen bonds with idine binding pocket, are fast by the standards of other
the widowed guanine, which are absolutely specific for DNA glycosylases, with kcat values for uracil excision
guanine and provide the necessary discriminatory com- from dsDNAtypically of theorder of 2500 min21.A signifi-
plementary strand interactions. However, these interac- cant component of the efficiency of UDGs derives from
tions are with groups involved in Watson-Crick base the direct involvement of general-acid and general-base
pairing and cannot bemade unless the mispaired pyrimi- catalysts in the reaction. MUG, in which both of the
dine is flipped-out into the active-site pocket of the equivalent residues are asparagines, is incapable of fa-
enzyme. Surprisingly, and in contrast with UDG, which cilitating proton transfer and displays a kcat around 0.4
strongly disfavors cytosinebinding, the hydrogen-bond- min21 for excision of uracil from dsDNA (T. Waters and
ing interactions available in this pocket in the MUG en- P. F. Swann, personal communication), which is similar
zymes would seem to be weaker and less discriminatory to the rates observed for base excision by other DNA
than those provided for recognition of the widowed gua- glycosylases (Boiteux et al., 1990; Bjelland et al., 1994;
nine on the complementary strand. Indeed, the residue Roy et al., 1994). As the two asparagines in MUG occupy
that forms the bottom of the pocket is not even con- essentially identical positions relative to the substrate
served between the two known MUG sequences. Thus, and have identical conformations to the aspartic acid
MUG, lacking the highly specialized binding pocket of and histidine in UDGs, it is difficult at first sight to under-
UDGs appears to have evolved a different strategy for stand why these residues have not evolved into the more
substrate recognition, being somewhat promiscuous catalytically potent general-acid/general-base system
with respect to the flipped-out base but achieving sub- of the UDG enzymes. One possibility that is open to
stantial specificity from interactions with the comple- experimental falsification by mutagenesis of both UDG
mentary strand. and MUG enzymes is that a slowinherent rate of hydroly-
Given the push mechanism with significant comple- sis contributes directly to specificity by putting more
mentary-strand discrimination, strong specificity against weight on the relative stability of the flipped-out and
cytosine binding in the pocket may not be essential. base-paired conformations in determining whether base-
Flipping-out of the mismatched pyrimidine by MUG is excision will occur.
mediated by the push of the wedge formed by Gly-
143, Leu-144, and Arg-146 into the duplex DNA. This
interaction is stabilized by intercalation of the arginine Conclusions
Systems for DNA repair probably arose early in cellularhead group into the base stack of the complementary
strand and by the specific hydrogen bonds from Gly- evolution, and those for the reversal of cytosine deami-
nation, an inherent property of the chemistry of DNA,143 and Ser-145, to N1 and N2 of the widowed guanine.
In forming this stable complex, the basepairing between might be expected to have been among the first. Until
recently, excision repair of uracil was believed to bethe guanine and the scissile pyrimidine must be broken,
and the barrier to this will depend on the strength of performed exclusively by members of the UDG enzyme
family, which are highly conserved (56% identity, E. colithe hydrogen-bonding and stacking interactions of that
base pair. Thus, disruption of the inherently weak wob- to human) and apparently ubiquitous. The discovery of
a new family of enzymes (MUG/TDG) with uracil glycosy-ble base pairing in a G:U or G:T mismatch will be more
readily achieved than disruption of a Watson-Crick lase activity (Gallinari and Jiricny, 1996) suggested that
two unrelated strategies had evolved and become differ-A:T/U base pair. Even if the stronger A:T/U base pair
were disrupted, the widowed adenine could not satisfy ently distributed in biology. Thus, UDG and MUG/TDG
family members are simultaneously present in mammalsthe specific hydrogen-bonding pattern offered by the
wedge and will provide much less stabilization to the and some gram-negative bacteria, but yeast only pos-
sess a UDG enzyme, whereas some insectsonly expressflipping-out of the pyrimidine. Additionally, the N2 group
of guanine, which picks up a hydrogen bond from the a MUG/TDG activity (Gallinari and Jiricny, 1996, and
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Table 1. Crystallographic Statistics
Crystal Native EtHgCI BDMa DNA complex
Data Collection Statistics
Resolution 1.8 2.7 2.9 2.35
Unique 16296 4817 4244 10144
Completeness (%) 94.7 94.6 99.4 99.2
Redundancy 3.6 2.6 3.5 4.5
Rmerge (%) (outer) 0.052(0.1) 0.06(0.15) 0.10(0.2) 0.061(0.2)
Phasing Statistics (15±2.7 AÊ )
Sites 2 1
Rcullis 0.69 0.72
Phasing power 1.1 1.0
<FOM> 5 0.51
Atoms Solvent Rcryst Rfree
Refinement Statistics
Native (15±1.8 AÊ ) 1277 161 0.19 0.25
DNA complex (15±2.35 AÊ ) 1636 123 0.21 0.28
a BDM, Baker's dimercurial.
Surface Plasmon Resonancereferences therein). The structural and functional homol-
The principle of operation of the Biacore biosensor and its use inogy between UDG and MUG/TDG enzymes, revealed
analyzing protein±DNA interactions have been described (Spano-by the structure of E. coli MUG, suggests that these
poulou et al. 1996; Panayotou et al., 1997). All interactions were
apparently distinct enzyme families descended from a analyzed in binding buffer (20 mM HEPES [pH 7.4], 150mM NaCl,
common ancestral protein but have developed different 3.4mM EDTA, 0.005% Tween-20) at a constant flow rate of 5 ml/min
and at a constant temperature of 258C. Biotinylated oligonucleotidesbiochemical strategies for achieving their specificity.
were immobilized on a streptavidin-coated sensor chip (SA5, Bia-The need for two enzymes within the same cell, both
core AB) until a suitable level was achieved. Formation of double-capable of initiating base excision repair of similar le-
stranded oligonucleotides and of abasic sites was achieved as pre-sions, is obscure, but not without precedent. Indeed,
viously described (Panayotou et al., 1997).
many DNA repair processes, such as those responsible Analysis of the data was performed using the evaluation software
for the removal from DNA of alkylated purines, appear supplied with the instrument. For estimation of the equilibriumdisso-
ciation constant, KD, a series of protein concentrations was injectedto have backup pathways.
and the response at equilibrium plotted versus the concentration. In
order to eliminate small ªbulkº refractive differences at the beginning
and end of each, a control sensorgram obtained over a nonbindingExperimental Procedures
surface was subtracted for each protein injection. Data were fitted
using the equationCloning, Protein Expression, and Purification




chromosomal DNA as template, ligated into the NcoI and HindIII
sites of pTrc99A (Pharmacia), and transformed into E. coli strain
BL21(DE3). Bacteria were grown in 1.53 Nutrient Broth No.2 (Oxoid) where R is the response at equilibrium, Rmax the maximum response,
to A600 of 1.0, induced by addition of 1 mM IPTG, and harvested C the concentration of injected protein, andKD the equilibrium disso-
after 8±12 hr postinduction. Cells were harvested by centrifugation, ciation constant.
resuspended in ice-cold 20 mM Tris-HCl, 10 mM EDTA (pH 8.3), 1
mM PMSF, and lysed by sonication. The lysate was incubated on
Crystallization and Data Collectionice for 30 min with 1/10 vol of a 10% (w/v) solution of streptomycin
The orthorhombic crystal form used to determine the structure wassulphate and clarified by centrifugation at 19,000 rpm.
identified using a sparse matrix screen (Jancarik and Kim, 1991)MUG was purified by tandem cation exchange±anion exchange
and refined as microbatch experiments under paraffin oil in Terazakichromatography using linked Q-Sepharose and SP-Sepharose col-
plates (Chayen et al., 1990). Crystals were obtained from experi-umns (Pharmacia). Fractions containing MUG were pooled and con-
ments containing protein at 4 mg ml21, with 12%±20% PEG 4000centrated in a stirred ultrafiltration cell using a YM3 membrane
and 60±80 mM ammonium sulphate. The orthorhombic crystals have(Amicon). The protein was further purified by gel filtration on a Super-
space group P212121, cell dimensions of a 5 40.01 AÊ , b 5 49.05 AÊ ,dex-75 (Pharmacia) giving material of .95% purity as judged by
c5 91.07 AÊ , with a solvent content of 49% and a single moleculeCoomassie stained SDS-PAGE and concentrated to 13 mg ml21.
in the asymmetric unit.The final yield of purified protein was between 8 and 10 mg per liter
For the protein±DNA complex, the desiccated oligonucleotide 59-of harvested bacterial culture.
CGCGAGUTCGCG-39 was resuspended in 10 mM MgCl2 and 20 mM
Tris-HCl (pH 8.0) and annealed by heating to 608C and slow cooling
to 208C. The protein and annealed oligonucleotide were combinedDNA Synthesis
Oligonucleotides were synthesized on an Applied Biosystems 394 in the ratio 1:2and used in crystallization trials. MUG-DNA cocrystals
were obtained from 8% PEG 4000, 0.1 M sodium acetate buffer (pHDNA synthesizer using cyanoethyl phosphoramidite chemistry, de-
protected in concentrated aqueous ammonia for 8 hr at 558C, and 4.6). These crystals are tetragonal, with cell dimensions a 5 101.35
AÊ , c 5 45.0 AÊ , and space group P42212. The asymmetric unit containspurified by reverse-phase HPLC. After purification, the major prod-
uct was evaporated to dryness and desalted using a Pharmacia one protein molecule and a single strand of DNA giving a solvent
content of 50% by volume.NAP 10 column (Sephadex G25) according to the manufacturer's
instructions. All diffraction data were collected at 100 K with crystals stabilized
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for freezing by soaking in buffers containing 30%±35% glycerol and Collaborative Computing Project No. 4. (1994). Programs for protein
crystallography. Acta Crystallogr. D50, 760±763.recorded on MAR Research 30 cm image plate detectors on stations
7.2, 9.5, and 9.6 at the Synchrotron Radiation Source, CLRC Cone, R., Bonura, T., and Friedberg, E.C. (1980). Inhibitor of uracil-
Daresbury Laboratory, or locally. Diffraction images were integrated DNA glycosylase induced by bacteriophage PBS2. Purification and
using MOSFLM (Leslie, 1995) or DENZO (Otwinowski and Minor, preliminary characterization. J. Biol. Chem. 255, 10354±10358.
1993) and data reduced, scaled, and truncated using SCALEPACK Chayen, N.E., Shaw Stewart, P.D., Maeder, D.L., and Blow, D.M.
and the programs SCALA, AGROVATA, and TRUNCATE of the CCP4 (1990). An automated system for microbatch protein crystallization
program suite (CCP4, 1994). Statistics are given in Table 1. and screening. J. Appl. Crystallogr. 23, 297±302.
Dianov, G., and Lindahl, T. (1994). Reconstitution of the DNA-baseStructure Determination and Refinement
excision-repair pathway. Curr. Biol. 4, 1069±1076.The structure of MUG was determined by multiple isomorphous
Dodson, M.L., Michaels, M.L., and Lloyd, R.S. (1994). Unified cata-replacement with HgCl2 and Baker's dimercurial. Heavy atom pa-
lytic mechanism for DNA glycosylases. J. Biol. Chem. 269, 32709±rameters were refined and phases calculated using the MLPHARE
32712.program (CCP4, 1994). The initial MIR phases were substantially
improved by solvent flattening, histogram equalization, and phase Domena, J.D., Timmer, R.T., Dicharry, S.A., and Mosbaugh, D.W.
(1988). Purification and properties of mitochondrial uracil-DNA gly-extension from 2.7 to 1.8 AÊ using DM (CCP4, 1994), and gave a map
in which most of the secondary structural elements and some side cosylase from rat liver. Biochemistry 27, 6742±6751.
chains could be identified. The phases from this partial model were Gallinari, P., and Jiricny, J. (1996). A new class of uracil-DNA glyco-
improved using DM and gave a map in which the entire sequence sylases related to human thymine-DNA glycosylase. Nature 383,
could be placed. The structure has been refined to 1.8 AÊ resolution 735±738.
by cycles of simulated annealing and positional refinement using Jancarik, J.,and Kim, S.-H. (1991). Sparsematrix sampling: a screen-
X-PLOR (Brunger, 1992), alternated with manual adjustment using ing method for crystallization of proteins. J. Appl. Crystallogr. 24,
ªOº (Jones et al., 1991). The final model consists of 165 residues, 409±411.
151 solvent atoms, and two sulphate ions, and has geometric param-
Jiricny, J (1996). Mismatch repair and cancer. In Genetic Instabilityeters well within the expectedranges for a structure at this resolution
in Cancer, Cancer Surveys, Vol. 28, T. Lindahl, ed. (Cold Spring(Laskowski et al., 1993).
Harbor, NY: Cold Spring Harbor Laboratory Press), pp. 47±68.For the MUG-DNA complex, data were collected to a maximum
Jones, T.A., Zou, J.-Y., Cowan, S.W., and Kjeldgaard, M. (1991).resolution of 2.35 AÊ and the position of the protein molecule located
Improved methods for building protein models in electron densityusing the native MUG coordinates in AMORE (Navaza, 1994). Differ-
maps and the location of errors in these models. Acta Crystallogr.ence Fouriers calculated with these phases clearly showed the DNA,
A47, 110±119.which was then modeled into the electron density. The resulting
structure was refined using bothREFMAC (CCP4, 1994) and X-PLOR Kavli, B., Slupphaug, G., Mol, C.D., Arvai, A.S., Petersen, S.B., and
(Brunger, 1992) together with manual rebuilding in O (Jones et al., Tainer, J.A. (1996). Excision of cytosine and thymine from DNA by
1991) where necessary. The final model consists of 165 protein mutants of human uracil-DNA glycosylase. EMBO J. 15, 3442±3447.
residues, 12 DNA nucleotides, and 123 well-defined solvent atoms. Kolodner, R. (1995). Mismatch repair: mechanisms and relationship
Coordinates for the refined MUG structure have been deposited to cancer susceptibility. Trends Biochem. Sci. 20, 397±401.
with the Brookhaven Protein Databank.
Kraulis, P.J. (1991). MOLSCRIPTÐa program to produce both de-All molecular images were produced using Raster3D (Merrit and
tailed and schematic plots of protein structures. J. Appl. Crystallogr.Murphy, 1994) and Robert Esnouf's adaptation of Molscript (Kraulis,
24, 946±950.1991) (Bobscript), except Figure 2, which was produced with GRASP
Laskowski, R.A., MacArthur, M.W., Moss. D.S., and Thornton, J.M.(Nicholls et al., 1993).
(1993). PROCHECKÐa program to check the stereochemical quality
of protein structures. J. Appl. Crystallogr. 26, 283±290.Acknowledgments
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